Abstract We find that summertime air quality in the eastern U.S. displays strong dependence on North Atlantic sea surface temperatures, resulting from large-scale ocean-atmosphere interactions. Using observations, reanalysis data sets, and climate model simulations, we further identify a multidecadal variability in surface air quality driven by the Atlantic Multidecadal Oscillation (AMO). In one-half cycle (~35 years) of the AMO from cold to warm phase, summertime maximum daily 8 h ozone concentrations increase by 1-4 ppbv and PM 2.5 concentrations increase by 0.3-1.0 μg m À3 over much of the east. These air quality changes are related to warmer, drier, and more stagnant weather in the AMO warm phase, together with anomalous circulation patterns at the surface and aloft. If the AMO shifts to the cold phase in future years, it could partly offset the climate penalty on U.S. air quality brought by global warming, an effect which should be considered in long-term air quality planning.
Introduction
Accurate forecasts of future air quality are necessary for long-term regulatory efforts, especially as the cost of reducing anthropogenic emissions keeps increasing (Pappin et al., 2015) . Because air quality is strongly tied to weather (Jacob & Winner, 2009) , knowledge of the magnitude of climate variability is essential to such forecasts. Instrumental records show marked multidecadal variability in climate in North America (McCabe et al., 2004; Nigam et al., 2011; Sutton & Hodson, 2005 , 2007 . The potential impact of such variability on air quality has been noted in previous modeling studies (e.g., Barnes et al., 2016; Garcia-Menendez et al., 2017) but still needs to be verified and quantified. In 2015, the U.S. Environmental Protection Agency strengthened the National Ambient Air Quality Standards for surface ozone from 75 ppbv to 70 ppbv. Key questions are whether a more stringent standard will be necessary against the background of global warming and to what extent multidecadal variability in climate will hamper efforts to meet air quality goals.
Ozone and fine particulate matter (PM 2.5 ) are two key air pollutants with large impacts on public health in industrialized and developing regions around the world (Lelieveld et al., 2015) . U.S. ozone and PM 2.5 concentrations have generally declined in recent years due to emission controls (Bloomer et al., 2009; Cooper et al., 2012; Hu et al., 2014) , but meteorological factors such as temperature may still degrade air quality and lead to extreme pollution events, putting public health at risk (Fiore et al., 2015; Jacob & Winner, 2009 ). Many studies have quantified the strong dependence of air quality on regional-scale meteorology (Leibensperger et al., 2008; Shen, Mickley, & Tai, 2015; Shen, Mickley, & Gilleland, 2016; Tai et al., 2012) . On the seasonal timescale, summertime ozone concentrations in the eastern United States also display a statistically significant relationship with the North Atlantic sea surface temperatures (SSTs) (Shen, Mickley, & Murray, 2017) . This implies that large-scale phenomena such as the Atlantic Multidecadal Oscillation (AMO) may influence multidecadal variability in U.S. air quality; an effect will be investigated in this study.
Data and Methods

Data Used in This Study
Site measurements of ozone and PM 2.5 (1999-2015) grid resolution (Shen, Mickley, & Tai, 2015; . We use meteorological data from the National Centers for Environmental Prediction (NCEP) Reanalysis 1 (Kalnay et al., 1996) . For the historical meteorology since the late nineteenth century, we use different meteorological variables from a variety of sources, including (i) temperature data from U.S. climate divisions from National Climatic Data Center (Vose et al., 2014) , Gridded Historical Climatology Network (GHCN, v3) provided by NOAA/Oceanic and Atmospheric Research/Earth System Research Laboratory Physical Sciences Division, University of Delaware, air temperature and precipitation data set (Willmott et al., 2001) , Merged Land-Ocean Surface Temperature Analysis (MLOST) (Smith et al., 2008; Vose et al., 2012) , Jones (CRU) Air Temperature Anomalies Version 4 (CRUTEM4) (Jones et al., 2012) , (ii) precipitation data from National Climate Data Center (NCDC), Global Precipitation Climatology Centre (GPCC) (Schneider et al., 2011), GHCN (v2) , and University of Delaware air temperature and precipitation data set, (iii) sea level pressure from Hadley Centre sea level pressure data set (HadSLP2, Allan & Ansell, 2006) , and (iv) different drought indices from NCDC. A more complete list can be found in Table S1 .
As part of this study, we use the NOAA-CIRES Twentieth Century Reanalysis (NOAA-20CR) and European Centre for Medium-Range Weather Forecasts (ECMWF) Twentieth Century Reanalysis (ERA-20CM). The NOAA-20CR product assimilates only surface pressure and using SST and sea ice distributions as boundary conditions (Compo et al., 2011) . The ERA-20CM product is constructed using SST and sea ice distributions as boundary conditions and forcings from Coupled Model Intercomparison Project Phase 5 (CMIP5) recommendations, without assimilating any other variables (Hersbach et al., 2015) .
Definition of Heatwave, Stagnation Days, and AMO
We define a heatwave as two consecutive days with daily mean temperatures exceeding the 95th percentile of all summertime daily mean temperatures for that grid cell or site from 1900 to 2010 (Anderson & Bell, 2011) . We classify a day as stagnant when the daily mean near-surface wind speed is less than 3.2 m s
À1
, daily mean midtropospheric wind speed is less than 13 m s À1 , and daily accumulated precipitation is less than 1 mm (Horton & Diffenbaugh, 2012) .
We define the AMO using SSTs from Hadley Centre Sea Ice and Sea Surface Temperature (HadISST1) data set (Rayner et al., 2003) . We first remove high-frequency fluctuations in the 1895-2015 time series of summer mean global SSTs outside the North Atlantic (0-60°N, 75°W-7.5°W) by applying a low-pass filter. More specifically, we use locally weighted scatterplot smoothing (lowess) with a smoothing parameter of 2 3 (Cleveland, 1981) to obtain the low-frequency variability. We next define an AMO index as the summer mean difference between average North Atlantic SSTs and average low-pass-filtered SSTs between 60°S and 60°N, and then removing the long-term mean. Unlike many previous studies (Sutton & Hodson, 2005 , 2007 , we define AMO using summertime mean SSTs rather than annual means. We take this approach because June-JulyAugust (JJA) mean AMO shows better correlation with summertime temperature in the eastern United States, despite the fact that the 11 year running mean JJA AMO highly correlates with annual AMO (r = 0.97, Figure S1 in the supporting information). The time series of summertime AMO index in this study also matches those using other definitions or SST data sets, as shown in Figure S2 (Kennedy et al., 2011; Trenberth & Shea, 2006; Van Oldenborgh et al., 2009 ).
Goddard Institute for Space Studies Simulations
We smooth the AMO time series by applying an 11 year moving average and then standardizing the AMO index to zero mean with unit variance. Following the method in previous studies (Sutton & Hodson, 2005 , 2007 , we then regress the 1900-2012 annual mean SSTs in each grid box onto the standardized and smoothed AMO index, yielding the SST sensitivity to unit change of AMO. We apply this regression only to those grid boxes within the northern Atlantic (0-60°N), the region we show has a strong influence on U.S. surface temperatures. This procedure produces a map of SST anomalies in the northern Atlantic associated with the positive phase of an idealized AMO ( Figure S3 ). We scale the resulting patterns of positive and negative mean AMO SSTs by a factor of 4 and apply these patterns to the Goddard Institute for Space Studies (GISS) ModelE2 (Sutton & Hodson, 2005 , 2007 . With the external forcing amplified by this scaling, the climate model can reach equilibrium with a shorter integration time. The model is integrated for 21 years with the first year discarded. To compare with the observations, we rescale the modeled meteorological anomalies as simulated in the GISS model by 0.25.
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2.4. Statistical Methods to Calculate PM 2.5 Concentrations, MDA8 Ozone, and Ozone Episodes For both PM 2.5 and MDA8 ozone, we apply a multivariate linear regression model using observed relationships between these pollutants and local meteorology as well as synoptic circulation patterns, as developed in . We construct the synoptic circulation factors through the use of singular value decompositions of the spatial correlations between PM 2.5 (or MDA8 ozone) in each grid box and meteorological variables in grid boxes in the surrounding region. More details about this model can be found in Text S1. Using leave-one-out cross validation, we find that the coefficients of determination (R 2 ) between observed
and predicted values range from 0.4 to 0.7 for JJA MDA8 ozone from 1980 to 2015 and 0.3 to 0.6 for PM 2.5 from 1999 to 2015 ( Figure S4 ). When averaged across the eastern United States, the R 2 is 0.60 for ozone and 0.41 for PM 2.5 .
We use the hybrid extreme value theory (hybrid-EVT) model to simulate ozone extremes (>70 ppbv) conditionally on daily mean temperature (Shen, Mickley, & Tai 2015) . Ozone suppression, defined as a marked decrease in the ozone-temperature slope at high temperatures, occurs at~20% U.S. sites (Shen, Mickley, & Gilleland, 2016) . Our hybrid-EVT model thus consists of two parts: a point process model to simulate the extreme tails and a logistic regression and a Generalized Pareto Distribution model to capture the observed ozone suppression (Shen, Mickley, & Gilleland, 2016; Coles, 2001) . We define an ozone episode day as those days when MDA8 ozone is greater than 70 ppbv.
Calculation of the Changes in Temperature and Air Quality in One-Half AMO Cycle
We calculate the changes of temperature and surface air quality in one-half cycle of AMO as follows, using JJA MDA8 ozone as an example. First, we calculate the JJA seasonal mean MDA8 ozone for each year from 1895 to 2015 by applying the statistical regression model to meteorological observations and different reanalysis data sets. Second, we calculate the slopes by regressing the time series of ozone concentration onto the AMO index. Third, we multiply the slopes by 0.49 K, the maximum observed change in the 11 year moving averaged AMO index in one-half cycle over the twentieth century. We define this value as the maximum change of ozone concentrations in one-half cycle of AMO. More details about this methodology can be found in Figure S5 .
The changes in air quality in GISS ModelE over one-half cycle of AMO are calculated in two steps. For example, for ozone, we first predict JJA ozone concentrations in each summer by applying our statistical model to GISS simulated meteorology. We next calculate the climatological mean difference in ozone between the warm and cold phase of the AMO, which corresponds to the response of ozone to 2 standard deviations (or 0.29 K) of changes in the AMO index. Finally, we calculate the change in ozone over the eastern United States in one-half AMO cycle by multiplying the climatological mean difference in ozone by a factor of 1.68 (0.49 K/0.29 K = 1.68).
Strong Dependence of U.S. Summertime Climate and Air Quality on Atlantic SSTs
Summertime temperature in the eastern United States (100°W-75°W, 30°N-50°N, Figure 1a ) is closely linked to Atlantic SSTs (Sutton & Hodson, 2005 , 2007 . After detrending, we find that the 11 year running mean June-July-August (JJA) temperature in the eastern United States from 1895 to present is correlated with these large-scale climate patterns: warm SSTs anomalies spanning the North Atlantic Ocean (Figure 1a ) and negative sea level pressure (SLP) anomalies over North America and the North Atlantic as well as positive SLP anomalies over the central northeast Pacific (Figure 1b) . These correlations arise because the adiabatic heating over the North Atlantic can induce ascent in that region and leads to low SLPs extending from the Atlantic across North America (Sutton & Hodson, 2005 , 2007 , a pattern similar to Figure 1b . This vertical motion can induce cyclonic circulation in the lower troposphere over North America and anticyclonic circulation aloft, a pattern associated with increased summertime temperatures in the United States (Sutton & Hodson, 2005 , 2007 .
We find that summertime air quality in the eastern United States, like temperature, also shows a strong dependence on SST patterns, at least over the relatively short time records of observations for ozone and PM 2.5 (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) . Figures 1c and 1d show the correlations of mean JJA surface air temperature and maximum daily 8 h average (MDA8) ozone, detrended and averaged over the East, with SSTs. Given the strong correlation of ozone and temperature in the East (Figure S6a) , it is not surprising that (Shen, Mickley, & Murray, 2017) . The dipole mode in the Pacific resembles the Pacific extreme pattern, which is associated with an eastward propagating flux in wave activity that promotes more frequent heat waves in the eastern United States (McKinnon et al., 2016) , and enhanced ozone concentrations (Shen, Mickley, & Murray, 2017 , Figure 1d ). The Pacific dipole mode is significant only on interannual time scales (Figure 1c ), but disappears when we apply an 11 year running mean filter to the time series (Figure 1a) . Over 1999-2015, mean JJA concentrations of PM 2.5 in the eastern United States exhibit a dependence on SSTs patterns similar to those for ozone and temperature, with a tripole mode in the Atlantic and a dipole mode in the northeast Pacific. This dependence arises from strong correlations between JJA PM 2.5 concentrations and surface air temperatures ( Figure S6b ) in the east (Shen, Mickley, & Murray, 2017) . Similar correlation patterns are obtained using different SST data sets ( Figure S7 ), suggesting that the dependence of air quality in the eastern United States on SST patterns is a robust feature.
Multidecadal SST variability in the North Atlantic is dominated by the AMO. Summertime instrumental records show that the AMO warm phase occurred during the 1926-1960 and 1997-2015 time periods; the cold phase occurred during 1900-1925 and 1961-1996 (Figure 2a ) (Sutton & Hodson, 2005) . Using JJA temperature data from the National Climate Data Center (NCDC), we find that these temperatures averaged over the eastern United States show positive anomalies in warm AMO and negative anomalies in cold AMO (Figure 2a ). Expressed as 11 year running means, these two time series correlate, with r = 0.82 (p < 0.05). To characterize the climate variations associated with the AMO, we calculate the change in summertime variables in one-half AMO cycle-that is, the average change from the trough in a cold phase to the peak in a warm phase, as described in section 2. In one-half AMO cycle, temperatures show significant warming over the eastern United States (0-0.8 K) and Great Plains (0.6-1.2 K), but less warming in the deep south (0-0.4 K) (Figure 2b ). The spatial pattern of sensitivity is consistent across observation analysis data sets (Figures S8a-S8d) . 
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We next investigate whether the temperature variability in the eastern United States, shown in Figures 2a and  2b , arises in response to ocean fluctuations or to atmospheric variability that also drives SST variability. We begin by examining the impacts of AMO on meteorological variables such as temperature and precipitation from a variety of data sets (Table S1 ), including site-based measurements and indices derived from these measurements, the National Oceanic and Atmospheric Administration Twentieth Century Reanalysis (NOAA-20CR), and the ECMWF Twentieth Century Reanalysis (ERA-20CM). The NOAA-20CR product is constructed by assimilating only surface pressure and using SST and sea ice distributions as boundary conditions (Compo et al., 2011) ; it reflects the impacts arising from variability in both the ocean and atmosphere. The ERA-20CM product is constructed using only SST and sea ice distributions as boundary conditions and forcing terms from the CMIP5 recommendations. Since it does not assimilate any atmospheric observations, ERA-20CM is not able to reproduce synoptic circulations (Hersbach et al., 2015) . Using GISS ModelE2 (Schmidt et al., 2014) , we also simulate the effects of AMO on the climate as obtained by driving the model with idealized Atlantic SST patterns in the warm and cold AMO (Sutton & Hodson, 2005 , 2007 .
The data sets in Table S1 confirm that a warm AMO favors a warmer summer in the eastern United States. Figure 2c compares the time series of 11 year running mean JJA temperatures simulated by NOAA-20CR and ERA-20CM in the eastern United States with the AMO index for 1900-2010. The correlation coefficient r with AMO is 0.72 for NOAA-20CR and 0.90 for ERA-20CM, suggesting that it is the warmer Atlantic that drives a warmer summer in the United States. In one-half cycle of AMO, these two products show a spatial pattern of changes similar to that observed, except that NOAA-20CR displays a much stronger response, up to 1.5 K warming in the Great Plains (Figures S8e and S8f) . Driven by prescribed SSTs related to AMO, the GISS model predicts larger changes in the south (+0.4-0.9 K) but smaller changes (+0.2-0.5 K) in the north ( Figure S8g ). These regional impacts, including those in the midwest, northeast, south central, and southeast ( Figure S9 ), are summarized in Figure 2d . Consistent with previous studies (Hodson et al., 2010; Kumar et al., 2013; Kunkel et al., 2006; Sutton & Hodson, 2005 , 2007 , our results suggest that fluctuations in SSTs contribute to a large fraction of the multidecadal variability of summertime temperature in the eastern United States. Table S1 ; modeled data sets are also defined in Table S1 . Figure S9 . Error bars denote one standard deviation.
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Like JJA average temperatures, the number of heatwaves per summer increases by 1-3 days in the eastern United States during warm AMO (Figures S10a and S10b). The number of stagnation days per summer also increases by 0.5-1 days during warm AMO (Figures S10c and S10d), with implications for pollution episodes (Leibensperger et al., 2008) . Instrumental records also show that the warm AMO phase is associated with much drier summers, with precipitation deficits of 0.2-0.7 mm d À1 over the Great Plains ( Figure S11 ) and more severe drought across much of the east and Intermountain West ( Figure S12 ). Taken together, these changes are associated with anomalous cyclonic circulation at the surface and with decreased SLPs over the North America and North Atlantic ( Figure S13 ), as well as an anticyclonic circulation anomaly aloft ( Figure S14 ), consistent with previous results (Hodson et al., 2010; Sutton & Hodson, 2005 , 2007 .
Multidecadal Variability of Summertime Air Quality in the Eastern United States
The strong dependence of ozone and PM 2.5 concentrations on meteorological conditions implies that the AMO likely also drives multidecadal variability in U.S. air quality. The history of air pollutant observations, however, is short, with~36 years for ozone (since 1980) and just~17 years for PM 2.5 (since 1999), making it impossible to observe such multidecadal variability directly. To overcome this challenge, we attempt to predict ozone and PM 2.5 concentrations from meteorological variables over the twentieth century, assuming present-day emissions. In many previous studies, chemical transport models or chemistry climate models have been used to simulate air quality on long timescales (Fiore et al., 2015) , but such models have difficulties capturing present-day variability in ozone (Doherty et al., 2013; Fiore et al., 2009 ) and PM 2.5 . The high computation expense also restricts the use of these models to simulate long-term (>30 years) air quality variability. Figure S9 . "Obs" signifies results obtained using observed meteorology, including MLOST temperatures, winds derived from HadSLP2 sea level pressures, and GPCC precipitation. Other data sets are defined in Table S1 . Error bars denote one standard deviation. For all panels, the effects on 1900-1950 surface air quality obtained from the NOAA-20CR data set are scaled by a factor of 0.5.
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An alternative method to predict ozone and PM 2.5 over long timescales is to use a statistical approach (Shen, Mickley, & Gilleland, 2016 , as displayed in Figure S5 . By applying observed, present-day relationships between these pollutants and meteorological variables to a suite of observations and historical reanalysis data sets, we can bypass many of the uncertainties inherent in the climate projections. Such calculations assume that anthropogenic emissions remain at present-day levels. We emphasize that the goal of this exercise is not to hindcast ozone and PM 2.5 over the twentieth century but to diagnose the sensitivity of these pollutants to AMO variation. We focus primarily on the changes of air quality in one-half AMO cycle (~35 years).
Our analysis identifies a multidecadal, AMO-driven variability in both ozone and PM 2.5 air quality in the eastern United States. In one-half cycle of AMO from the cold to warm phase, MDA8 ozone concentrations increase 2-4 ppbv over most of the east (Figures 3a and 3b) , with the largest increase of 3-4 ppbv over the Great Plains, where temperature rises the most (Figures S8 and S15a). The number of ozone episodes per summer increases by 1-3 days, with the largest increases of 2-3 days at many sites in the northeast and southeast (Figures 3c and 3d) . We find that those sites having the most frequent ozone episodes in the present day (Shen, Mickley, & Gilleland, 2016) are also the most vulnerable to increases in such episodes in the warm phase of AMO. PM 2.5 concentrations increase by 0.2-1 μg m À3 in the eastern United States over one-half cycle of AMO, with the largest increase of 0.6-1 μg m À3 in the northeast and southeast and also slight increases over the Great Plains (Figures 3e and 3f ). This pattern of response reflects the greater sensitivity of PM 2.5 to temperature change in the northeast and southeast than in other regions (Shen, Mickley, & Murray, 2017) , as implied in Figure S15b . In sum, the warm phase of AMO degrades both ozone and PM 2.5 air quality in the eastern United States and also drives up ozone episode number in this region. Increases in pollutant concentrations can have consequences for human health, following the method of Shindell et al. (2016) . More details can be found in Text S2 (Anenberg et al., 2012; Jerrett et al., 2009; Pope et al., 2002; Roman et al., 2008; World Health Organization, 2011) . We find that the response of ozone and PM 2.5 concentrations to the evolution of the AMO from cold to warm phase may increase the annual excess mortality rate by as much as~3,300 (95% confidence interval, 1,198-6,037) in the eastern United States ( Figure S16 ) under current emission level and assuming the present-day air quality-meteorology relationship is unchanged.
Discussions and Conclusion
Tree-ring data and other climate proxies supply evidence that the AMO extends at least five centuries back in time (Gray et al., 2004; Mann et al., 2009) , suggesting that this multidecadal variability is likely to continue in the future, with implications for air quality planning. However, when averaged across an ensemble of climate models, this multidecadal variability becomes tiny in future projections over the 2000-2100 time frame ( Figure S17a ). This can be explained by the large spread in both the magnitude and frequency of the AMO in CMIP5 models (L. Zhang & Wang, 2013) . As inferred from an ensemble of 33 CMIP5 models, average summertime temperature over the eastern United States increases by +1.36 K under Representative Concentration Pathway (RCP) 4.5 scenario from 2015 to 2050, or about double the +0.74 K change of temperature in a half-AMO cycle (~35 years; Figure S17b ). Barring any change in its observed periodicity of 50-90 years, the AMO is likely to shift into a cold phase over the next few decades (Enfield & Cid-Serrano, 2010; Keenlyside et al., 2008) . This shift may offset up to 50% of the climate penalty on air quality in the eastern United States brought on by global warming in coming decades, as inferred from Figure S17b . This also implies that previous projections of air quality in the future climate may be biased if the AMO effects are not considered.
In conclusion, our results show that the Atlantic Multidecadal Oscillation (AMO) is a major driver of multidecadal variability of summertime surface air quality over the eastern United States, resulting from large-scale ocean-atmosphere interactions. In one-half cycle (~35 years) of the AMO from cold to warm phase with constant anthropogenic emissions, summertime MDA8 ozone concentrations increase by 1-3 ppbv in the northeast and 2-5 ppbv in the Great Plains; summertime PM 2.5 concentrations increase by 0.6-1.0 μg m 
